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The mineral mat te r  present  i n  coal plays a de l e t e r ious  r o l e  during the  com- 
b u s t i o n  of pulverized coal fuel i n  power genera t ing  bo i l e r s .  Recent papers (1-3) 
on such problems a s  heat exchanger fou l ing  and the  emission of p a r t i c u l a t e  
po l lu tan ts  from bo i l e r s  have ind ica t ed  t h a t  a fundamental understanding o f  these 
problems (and hence c lues  as  t o  how they may be mi t iga t ed )  may not  depend so le ly  
on analyzing the f r ac t ion  of mineral  mat te r  i n  the  coal and i t s  gross chemical 
composition. 
d i s t r i b u t i o n  of t he  o r ig ina l  mineral  p a r t i c l e s  and inc lus ions ,  and the  d i s t r ibu -  
t i o n  o f  these  minerals among the p a r t i c l e s  o f  t h e  pulverized fue l .  

minerals a n a l y s i s ,  However, r e c e n t  advances i n  e l e c t r o n  op t i ca l  instrumentation 
and techniques,  such as  t h e  use o f  a scanning transmission e l e c t r o n  microscope 
(STEM) f o r  h i g h  s p a t i a l  r e s o l u t i o n  chemical microanalys is ,  show g rea t  promise f o r  
this type of cha rac t e r i za t ion  and have a l r eady  been appl ied  t o  coal research (4-7) -  
The present work involves the  use o f  a STEM both t o  ob ta in  q u a n t i t a t i v e  information 
about the u l t r a - f i n e  (d00nm diameter )  mineral i nc lus ions  present  i n  several  coals,  
and t o  examine the  inorganic elements ( h e r e a f t e r  r e fe r r ed  t o  a s  inherent  mineral 
ma t t e r )  a tomica l ly  bound i n t o  the organic  mat r ices  o f  t hese  coa ls .  I t  i s  a n t i -  
c ipa t ed  t h a t  t h i s  type o f  information wi l l  be useful i n  modeling the  combustion 
of pulverized fue l  p a r t i c l e s ,  

I t  may a l s o  prove necessary t o  obta in  da t a  on the  ac tua l  s i z e  

Such d e t a i l e d  information cannot be obtained by t h e  t r a d i t i o n a l  means of coal 

Sample Preparation 

Samples of t h ree  d i f f e r e n t  c o a l s  were examined i n  t h e  present study: A 
l i g n i t e  from the  Hagel Seam in North Dakota, a semianthrac i te  from the #2 Seam i n  
Pennsylvania, and a sample of pulverized bituminous coal obtained courtesy of the 
Tennessee Valley Authority.  
temperature ash ( H T A )  of t hese  t h r e e  coa ls  i s  shown i n  Table I ,  

Preparation o f  specimens f o r  STEM examination was s t ra ight forward .  Samples 
of each coal were ground t o  a f i n e  powder using a mortar and p e s t l e  (except f o r  
the  fuel coal which was a l ready  i n  pulverized form), A s tandard  3mm diameter 200 
mesh copper transmission e l e c t r o n  microscope g r id  coated w i t h  a t h i n  carbon sup-  
por t  f i lm was then dipped i n t o  the  powdered coa l .  
tapped severa l  times t o  shake o f f  excess and overs ize  p a r t i c l e s .  
r e s u l t  was a sample cons i s t ing  of a t h i n  d i spe r s ion  of f i n e  coal p a r t i c l e s  c l ing-  
i n g  t o  the carbon support  f i lm.  

s eve ra l  advantages compared t o  specimens thinned from the  bulk by microtoming 
o r  ion  mill ing.  
Along w i t h  t h i s ,  s ince  near ly  a l l  t h e  p a r t i c l e s  c l ing ing  t o  the  gr id  have a t  l e a s t  
some a rea  t r anspa ren t  t o  t h e  e l e c t r o n  beam, a much g r e a t e r  amount o f  t h i n  a rea  
more randomly d ispersed  i n  o r i g i n  from wi th in  the coal i s  p o t e n t i a l l y  ava i l ab le  
fo r  STEM examination than would be found i n  specimens thinned from b u l k  samples, 
Resul t s  obtained from powdered coal specimens should the re fo re  be more repre- 
s e n t a t i v e  of t he  overa l l  mineral con ten t  o f  t he  i n i t i a l  coal saniDle. 
*This  work supported by U,S. Department o f  Energy, DOE,  under con t r ac t  number 

The g ross  inorganic  chemical ana lyses  of t he  high 

Upon removal t h e  gr id  was 
The f ina l  

Specimens prepared i n  t h i s  manner a r e  well s u i t e d  f o r  STEM viewing and have 

Their most no tab le  advantage i s  o f  course the  ease  of prepara t ion .  
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Table I :  Compositions of High Temperature Ash ( H T A )  
Pennsylvania 

Coal Name Hagel Seam* Cumber1 and Fuel ** #2 Seam* 

Coal Rank Ligni te  Bituminous Semianthrac i te  
%H TA 9.66 18.8 30.74 
Si02(%a)*** 28,20 51 .3 80 .OO 

T i  023%a) 0.58 0 0 2  3.09 

MgO (%a)  5,91 1.2 0.05 
CaO( %a) 24 50 4.9 0.30 
Na20( %a) 2.81 o o 9  0.05 
K20(%a) 0.33 2.8 0-35 
P205(%a) 0.10 0.2 0,05 
s03( %a) 17.40 1.6 0,30 
Trace Elements Ba-6700 Not None 
>1000ppm of HTA Sr-3150 Available Reported 

High Vo la t i l e  

A120 (%a)  9.35 19.8 12,lO 

Fe 20 3( %a ) 8.20 17.0 1.47 

( i n  ppm of HTA) 

**Information taken from reference  (8) .  

Experimental Procedure 

Northern T!42000 energy d i spe r s ive  spectrometry (EDS) system f o r  x-ray ana lys i s  
The fea tures  o f  STEM opera t ion  pe r t inen t  t o  t h i s  work a r e  i l l u s t r a t e d  in  Figure 1 ,  
The sample was i l lumina ted  by a narrow probe of 200kV e l e c t r o n s  which was scanned 
across  i t s  sur face .  
volume being scanned, 
o f  i n t e r e s t  i n  the  sample, a t  which point the  c h a r a c t e r i s t i c  x-rays emitted by the 
atoms under the  probe could be analyzed t o  ob ta in  chemical information from a 
sample region w i t h  a diameter approaching t h a t  o f  the probe diameter.  
cha rac t e r i za t ion  could be accomplished i n  t h i s  manner f o r  a l l  elements w i t h  atomic 
number 2211 

tage was taken of t he  d i f f e rence  i n  image c o n t r a s t  between the  c r y s t a l l i n e  
mineral p a r t i c l e s  and t h e  surrounding amorphous organic  mat r ix .  The c r y s t a l l i n e  
p a r t i c l e s  a r e  capable of d i f f r a c t i n g  e l ec t rons ,  and so appeared i n  s t rong  con t r a s t  
when held a t  s p e c i f i c  angles t o  t h e  inc iden t  e l ec t ron  beam. 
needed o n l y  t o  be t i l t e d  through some moderate range o f  angles  (gene ra l ly  + 45" 
from the  ho r i zon ta l )  t o  qu ick ly  e s t a b l i s h  the  loca t ions  o f  t he  minerals w i T h i n  
a given coal p a r t i c l e .  D u r i n g  the  t i l t i n g  such p a r t i c l e s  ab rup t ly  "winked" i n  and 
out  o f  s t rong  d i f f rac t iDn c o n t r a s t ,  while t he  amorphous mat r ix  changed c o n t r a s t  
only gradual ly  as a func t ion  of t h e  change i n  sample th ickness  in te rcepted  by 
the  e lec t ron  beam. An example of an image of a mineral p a r t i c l e  v i s i b l e  by strong 
d i f f r a c t i o n  c o n t r a s t  amidst an amorphous coal mat r ix  i s  shown i n  Figure 2 ,  
estimated t h a t  t he  imaging procedure could de t ec t  mineral p a r t i c l e s  w i t h  d ia -  
meters >-2nm. P a r t i c l e s  smal le r  than this would most l i k e l y  remain ind is t inguish-  
ab le  from the amorphous mat r ix ,  

l l i th t he  loca t ion  o f  an embedded mineral p a r t i c l e  thus determined, the  probe 
was fixed on the  mineral and an x-ray spectrum was acqui red ,  
s tance  where the  mineral extended t h r o u g h  t he  f u l l  th ickness  o f  the  coal p a r t i c l e  
in te rcepted  by the  probe, th i s  spectrum cons i s t ed  o f  a superpos i t ion  of a p a r t i c l e  
spectrum and a matrix spectrum. 
inc lus ion ,  t h e  probe was subsequently moved 1-2 p a r t i c l e  diameters away t o  a region 
of t he  matrix known t o  be f r e e  o f  o the r  minerals ( w i t h i n  t he  reso lu t ion  l imi t a t ion  

"Information cour tesy  of the  Penn S t a t e  Coal Data Base 

***%a - oxide % of HTA of dry coal 

The STEM used i n  the present s tudy  was a JOEL 200CX equipped w i t h  a Tracor- 

Transmitted e l ec t rons  were used t o  form an image of t he  sample 
The probe could a l s o  be stopped and f ixed  on some f e a t u r e  

Chemical 

For s tud ie s  of mineral mat te r  embedded i n  p a r t i c l e s  of powdered c o a l ,  advan- 

The sample thus 

I t  i s  

Except i n  the  i n -  

To determine the s igna l  assoc ia ted  w i t h  the  
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discussed i n  the preceeding paragraph),  where a second spectrum was co l l ec t ed .  
Comparison o f  the two x-ray spec t r a  genera l ly  quick ly  revealed the  primary e l e -  
mental cons t i t uen t s  of the mineral  ( aga in ,  f o r  elements o f  atomic number Z ~ l l ) ~  
Two examples of th i s  type o f  a n a l y s i s  are shown f o r  a Ti - r ich  p a r t i c l e  i n  the 
Cumberland fue l  coal i n  Figure 3,  and a p a r t i c l e  r i ch  i n  Ba and S i n  the Hagel 
Seam coal i n  Figure 4. 

Results and Discussion 

The r e s u l t s  of t he  STEM examination o f  the t h r e e  coa ls  a r e  summarized in 
Table 11. The f i r s t  ha l f  o f  the t a b l e  dea l s  with the  da ta  obtained in a random 
sampling of mineral i nc lus ions  w i t h  mean diameters <100nrn which were found embedded 
i n  the coal p a r t i c l e s .  Quan t i t a t ive  r e s u l t s  a r e  presented f o r  t h e  two most f r e -  
quently observed mineral types  i n  th i s  s i z e  range f o r  each of the th ree  s t a r t i n g  
coa ls .  

which were undertaken concurren t ly  w i t h  the p a r t i c l e  ana lyses ,  Aside from being 
necessary to  c o r r e c t l y  i d e n t i f y  the cons t i t uen t s  assoc ia ted  w i t h  the  d i s c r e t e  
mineral p a r t i c l e s ,  t h e  mat r ix  s p e c t r a  themselves provided addi t iona l  information 
on the inhe ren t  mineral elements a tomica l ly  bound i n t o  the  organic coal matrix,  
w i t h o u t  the  danger o f  confusion from elements i n  d i s c r e t e  mineral p a r t i c l e s  ( a t  
l e a s t  f o r  p a r t i c l e s  l a r g e r  than  -2nm i n  s i z e ) .  Recent work has suggested t h a t  
such inherent  mineral mat te r  may comprise >15% of t h e  t o t a l  mineral mat te r  in 
pulverized f u e l s  ( 8 ) .  

Coal Name Hagel Seam Cumber1 and Fuel Penn.#2 Seam 
Total  # of  P a r t i c l e s  

The second ha l f  of t he  t a b l e  desc r ibes  the  r e s u l t s  o f  t he  matrix measurements 

Table 11: Resul t s  o f  STEEl Analysis 

Analyzed (d i a .  (100nm): 29 30 27 

Major Elements Fe T i  Ca 

Average Diameter (nn)  43217 45+22 45+27 
Possible species** - Ti n2  ( R u t  i 1 e ) C a Q ( ~ a 1 c i t e )  

Major Elements Ba ,S Ca T i  

Average Diameter(nm) 60228 50+17 36+13 
Possible species** BaSOq(Barite) CarO’~~(Calci  t e )  Tin2( Ru t i l e )  

Pre domi na n t Pa r t  i c 1 e -Types * 
#1 Number Observed 15  14 11 

_ _ - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

#2 Number Observed 7 5 10 

# o f  Differen t  Matrix 
Areas Analyzed : 25 

Most Common Signal 
From Organic I4atrix: Ca 

Frequency o f  Observation 
of Most Common Signal 
(% o f  Total # of Areas 
Analyzed): 96% 

Frequency of Observation 
of S Signal from Matrix 
( X  o f  Total # of Areas 
Analyzed) : 28% 

21 24 

S i ,  A1 S 

90% 4 2% 

43% 42% 
*The two most f requent ly  observed p a r t i c l e  types f o r  p a r t i c l e s  with mean dia- 
meters 51OOnm. 
observed in  x-ray spec t r a  a t t r i b u t a b l e  t o  p a r t i c l e s .  

Spec ies  l i s t e d  a r e  t h e  most common minera ls  found in coal which could produce 
the observed spec t r a .  
1 i g n i t e ,  

Categor iza t ion  i n t o  types  i s  based on major elements ( Z ~ l l )  

**Tentative i d e n t i f i c a t i o n  based on major elements ( Z ~ l l )  found i n  spec t r a .  

No c l e a r  cho ice  e x i s t s  f o r  t he  Fe-rich p a r t i c l e s  i n  t h e  
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I For a l l  t h r e e  c o a l s ,  the predominant mineral spec ie s  observed i n  t h e  (100nm 
s i z e  range would not be pred ic ted  from the  r e s u l t s  of t h e  chemical analyses of 
the high temperature ash of the  coa l s .  
(with the  exception of sulfur i n  t h e  Ba,S-rich p a r t i c l e s )  c o n s t i t u t e s  more than 10% 
Of the HTA f o r  the r e spec t ive  coa l s ;  indeed, Ba i n  t h e  l i g n i t e ,  T i  i n  t he  b i t u -  
minous c o a l ,  and Ca i n  t he  semianthrac i te  a l l  make u p  l e s s  than 1% of  the respec- 
t i v e  ashes.  
dominant mineral spec ies  observed i n  a random sampling o f  p a r t i c l e s  <100nm i n  d i a -  
meter i nd ica t e s  t h a t  t he  d i s t r i b u t i o n  o f  inorganic  elements m u s t  not be uniform 
over a l l  s i z e  ranges of  inineral i nc lus ions .  In p a r t i c u l a r ,  f o r  a l l  t h ree  coa l s ,  
the predoniinant mineral spec ies  observed i n  the  <100nm s i z e  range must the re fo re  
d i f f e r  from those spec ies  predominating a t  l a r g e r  s i z e  ranges.  

In avalyzing the  background spec t r a  obtained i n  th i s  work, i t  was found t h a t  
f o r  two of the coa ls  a p a r t i c u l a r  element or combination o f  elements was observed 
i n  g r e a t e r  than 90% of a l l  matrix measurements: Ca f o r  the Hagel Seam l i g n i t e  
and a combination of S i  and A1 f o r  t h e  Cumberland bituminous. Examples o f  these 
two c h a r a c t e r i s t i c  elemental s igna tu res  may be found i n  the two matrix spec t r a  
i n  Figures 3 and 4 ,  

The semianthrac i te  had no elements of Z ~ l l  which were near ly  a s  cons i s t en t ly  
observed in  a s soc ia t ion  w i t h  t h e  matrix.  In t h i s  c o a l ,  t h e  most f r equen t ly  ob- 
served matrix s igna l  was from S ,  which only appeared in  42% of the observations,  
Indeed, i n  a l l  t h r e e  coa ls  a S s igna l  was de tec ted  i n  a s soc ia t ion  w i t h  organic 
matrix,  bu t  only on an i r r e g u l a r  bas i s  ( i . e . ,  i n  l e s s  than 50% of t h e  a reas  
examined). Other elements, such as Fe, were a l s o  occas iona l ly  observed in  the  
coal mat r ices .  Such a point-to-point va r i a t ion  i n  inherent  (a tomica l ly  bound) 
mineral conten t  may be expected t o  f u r t h e r  complicate a t tempts  t o  model t he  
evolu t ion  o f  pulverized fuel p a r t i c l e s  i n t o  f l y  ash dur ing  combustion processes.  

Concl us i ons 

1 .  

None o f  the major elements ( Z > l l )  observed 

t Encountering these  elements as  the major cons t i t uen t s  i n  the pre- 

\ 

" 

The STEM i s  an instrument well su i t ed  f o r  t h e  cha rac t e r i za t ion  of t he  
sub-micron s i zed  mineral mat te r  i n  coal and can a l s o  be used t o  i d e n t i f y  inorganic  
elements a tomica l ly  bound i n  the  organic coal mat r ix ,  

2.  For t h e  th ree  coa ls  s tud ied ,  a random survey was taken of mineral 
inc lus ions  clOOnm in mean diameter observed wi th in  coal p a r t i c l e s  i n  powdered 
coal samples, The r e s u l t s  i nd ica t e  t h a t  t he  predominant mineral spec ies  making 
u p  these  inc lus ions  d i f f e r  from those  spec ies  predominating i n  mineral p a r t i c l e s  
a t  l a r g e r  s i z e  ranges,  

3. Two o f  t h e  coa ls  examined showed c h a r a c t e r i s t i c  matrix " s igna tu res"  of 
inorganic elements which were observed in  >90% of the  mat r ix  a reas  examined. 
t h i r d  coal d id  not ,  All t h r e e  coa ls  exhibTted various elements with Z l l ,  most 
notably S ,  which were only i r r e g u l a r l y  assoc ia ted  w i t h  t h e  m a t r i x  s igna l  ( i . e . ,  
found <50% of t h e  t ime) .  

The 
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F i g u r e  1 :  Schematic d iagram o f  STEM o p e r a t i o n  d u r i n g  chemical  m i c r o a n a l y s i s .  

2 

F i g u r e  2:  
b i tum inous  sample, 
a t  A. 

A t r a n s m i t t e d  e l e c t r o n  image o f  a p o r t i o n  o f  a c o a l  p a r t i c l e  f rom t h e  
A m i n e r a l  i n c l u s i o n  i s  v i s i b l e  i n  s t r o n g  d i f f r a c t i o n  c o n t r a s t  
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Cu (grid)*- 3b J 
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Figure 3: Examples o f  x-ray spec t r a  from the  bituminous sample, 
a. Spectrum from p a r t i c l e  shown i n  Figure 2, 
b o  Accompanying background spectrum. 
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Cu (grid)+ 4b 
a 
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Figure 4 :  Examples o f  x-ray spec t r a  from the  l i g n i t e  sample. 
a ,  
b. Accompanying background spectrum, 

Spectrum from 40nm diameter p a r t i c l e ,  
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